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ABSTRACT

We report the resultsof asurvey of 1.ow 1 irequency (1,1 9) plasma waves detected during the
Ulysses Jupiter flyby. In the Jovian foreshock, two predominant wave periods are detected: 10?7s
and 5s, as measured in the spacecraft frame. The 10%s waves are highly nonlincar (Aii/li(, = 1.5).
propagate, at large angles 1o B, (t ypically 50%), are steepencd, and sometimes have at tached
whistler packets. Forthe interval analyzed, the 102s wave.s had mixed right- and left-hand
polarizatiOns, We argue that these are anll consistent with being right-hand magnetosonic waves
in the. solar wind frame. Thel (Ps waves with attached whistlers were similar to cometary
Waves. The trailing portions were lincarly polarized and the whistler portions circularly
polarized with amplitudes dccrcasing lincarly with time. The emissions are generated by ~ 2
keV protons flowing from the Jovian bow shock/magnctosheath into the upstream region. The
instability is the ion beam instability. Higher Z ions were considered as a source of the waves,
but have been ruled out due to the low sunward velocities needed for their resonance. The Ss
waves have (A, /B, 0.5) arc compressive and are left-hand polarized in the. spacecraft frame.
Local generation by three differentresonantinteractions were considered and have been roled
oul. One possibility is that these wavesare whistler mode by-products of the steepened lower
frequency magnctosonic waves. Mirror mode structures were detected throughout the outbound
magnctlosheath passes. Ok for these structures were consistently inthe range 80<’ to 90°,
exceptionally high values. Assuming 1 keV protons, the spacing between the magnetic decreascs
is - 10-201',).. Close to the magncto pause, small amplitudes /§i 3/B, - ().15), transverse waves
were detected. Within the wave packet, right-, left- and lincar polarizations were found. These
may be similar 10 wave.s detected inthe Earth's Plasma Depletion Layer (PDIL). Within the
Jovian low latitude boundary laayer, enhanced tran syerse spoectral p ower was detected at
frequencies just below the proton cyclotron frequency. A total magnetic power of 103 w12 was
determined. Cross-f -ficld diffusion of - 1 keV protons yicelds a calculated boundary layer

thickness of 0.15 Ry; if 100 keV magnetospheri ¢ protons are assumed, a 1.4 Ry thickness can be



formed by this process. Transverse left-hand (spacecraft frame) waves were detected within the
Jovian magnctosphere. These waves have periods of 5-8 minutes, are ellipticaly to circularly
polarized and propagate in a range of 10° to 43° relative to B,. Itismostlikely that these waves
are generated by anion beam instability. Assuming S, wc get aresonant parallel energy of 60

keVv.

INTRODUCTION

Previous spacecraft encounters with Jupiter have indicated the presence of Low 1 requency (1.F)
clectromagnetic waves in and near the Jovian Magnectosphere (Smith, ctal.,, 19-/6; Smithet a.,
1983;1984; Smith and Tsurutani, 1983; Goldsteinet al., 1983; 1985; 1986, Smith and l.ce,
1 986; Glassmeicr et al., 1 989). in this paper we will survey 1.1 waves detected by the
magnctometer onboard the Ulysses spacecraft during its near-Jupi(cr swingby in February 1992.
The purposc of this paper will beto give theresults of a preliminary survey of waves in the
Jovian foreshock, magnctosheath, low latitude boundary layer and magnctosphere. Many of
these 1.1 wave modes have never been obscrved previously at Jupiter. Analogous waves have,
however, been reported in the near-Earth environment. Comparisons of wave propertics and

wave-partic]c interactions in the two regions will be made where appropriate.

Ulysses was launched from Cape Kennedy on October 6,1990 on a mission to explore. the polar
regions of the Sun. In order to obtainatrajectory with > 70" solar latitude.s, it was necessary to
first send the spacecraft to Jupiter to obtain a gravitational assist to fling Ulysses well out of the
ccliptic plane. The planetary encounter (perijove) occurred onlicbroary 8, 1992 (1 1204 UT). The
near-Jupiter trajectory isshowninligure 1. Onc unique feature of the flyby was the probing of
the (iusk-side magnctosphere/magnetosheath, a region which had not been previously explored

(Smith et a., 1992). i their initial report (Baloghet a., 1992a), magnetic field investigators



notedintense | .F waves within this region. We will analyzc the.sc waves as well as others

detected during the inbound pass.

The magnetometer investigation has been discussed in detail in Balogh, et al. (1992b). The
instrument is composed of a Vector Heliummagnetometer and Fluxgate magnetometer. One
magnetic vVector per sccond is obtained from cach sensor, This high time resolution data will be

used in this paper.

APPROACI1

To survey the 1.F waves (f < 1 1lz) within and in the vicinity of the Jovian magnetosphere, a
systematic scan of magnetic field datafor the entire encounter period was madc. The highest
time resolution (1 s) data was utilized so that possible high frequency cmissions would be
detected as well. This paper reports al of the obvious cmissions detected during the Ulysses
cncounter. There s, however, the possibility thatsome waves were cither overlooked or missed

in this survey.

RESUI TS: OBSERVATIONS

The magneticficldinthe regionupstrcamof the bow shock (the foreshock) is shown in Figure 2.
The ficld is plotted in Solar Heliospherice (S11) coordinates where R is radial] y from the Sun,l" is
R crossed into the solar rotation axis, €2, (normalized),and N completes the right-hand system.
This foreshock regionis distinguished by the presence of large amplitude compressional waves
with periods of ~ 102 s and occasional wave packets that have cycles with ~ 25 s periods. Two

examples of the latter are foundin this Figure, one at 1705 U'T and a second at ]-/12 UT.



The low frequency (10 2 Hz) compressional waves can have peak-to-background ratios as large
as three-to-onc and pcwk-to-peak transverse amplitudes aslarge as 1.5 times the background
ficld,i.c., the waves are highly nonlinear. ‘Il w--- 25s wave packets arc also highly nonlinear at
times.  ‘I'he event at - 1705 U1 has a peak-m-peak transverse amplitude. at 1.4 nTina 0.6 nT

magnetic field.

Principal axis analyses(Smith and Tsurutani, 1976) were performed on the wavess of thisFigure.
The intervals of analysis arc indicated by horizontal bars at the bottom. The results of the
analyses arc indicated in between the B, and IBI panels.  Given arc the angles of propagation of
the wave relative to the ambient magnetic field, Oyyp, and also the wave sense of 1otation relative
10 B,,. R indicates a right-hand sense of rotationand 1, stands for left-hand rotation (as measured
in the spacecraft frame). We find amix of polarizations, both right- hand and left-han(i in this
interval. The waves propagate atrelatively large angles relative to the ambient field, varying
between 247 and 84°. No waves were found which were. propagating at angles less than 15, The
waves varicd from circularly to elliptically polarized. Most were plane polarized, but some were

not.

A rclationship between the wave. polarizationandthe magnitude of By is apparentin the Figare.
The three intervals where the waves are left-hand polarized arc cases where By is large, and the
cases where the waves areright-handpolarizedarc uses where By is small. The ficld magnitude
varies throughout the interval, but is constant within afactor of 2 to 3. 1n this coordinate system,
the former corresponds to times where the magnetic field is aligned along the solar wind velocity
vector (close to the - X direction) and the latter when the field is orthogona to the solar wind
dircction, This variation intheficldalignment has importantconscquences in the Doppler shift

of the waves. This will be discussed later.




We now examine the wave cycle that occurs between 170210 1707 U'F. ‘The average property of

the wave is that it is left-hand polarized and is propagating at an angle of 24” relative oB. We
have, however, aso broken the wave into two parts, 1702 UT -1704 U'T and 1704-1707 U'T.
Principal axis analyses were performed on these two picces and the resultanthodograms are
indicated inYigurc 3. The By coordinates arc the principal axes where Biyis the direction of
maximum variance and By isthe direction of intermediate variance. B3, the direction of
minimum variance, or the dircction of wave propagation, is out-of-the-paper, and completes the

right-hand system.

The Ieft-hand pancls indicate that this first portion of the wave is lincarly polarized (A 1/A2 =
14.6). The direction of minimum variance (Og3) 1S along the ficld, consistent with this portion
being purely compressive.  The right-hand part of Figure 3, is the  hodogram for the high
frequency packetportion of the wave. In this cvent, the magnetic field is out-of-the-paper,
indicating that this portion of the wave. is left-hand circularly polarized in the spaceeraft frame.
The wave packet is planc polarized (not shown) and is propagating at an angle of 30" relative to
the upstream ambicent magnetic ficld. The wave packet is compressional as indicated by the field

magnitude variations shownin the Figure.

It is noted from the Figure 2 that the high frequency wa ve packet starts with a large amplitude
and this amplitude, decrcases with time. From previous foreshock and cometary waves, we Know
that these packets form al the leading edges of steepencd waves and the packet amplitudes
decrcasce in the direction of propagation. This indicates thatthis wave is intrinsically right-
handed and are propagating against the solar wind, but are convected downstrecam, This is

consistent with the picture of wave generation by ion beams flowing in the sunward direction.

Another type of wave detected in the foreshock is shown in Figure 4. These are high frequency

oscillations superposed on top of the 1021z waves. These waves have frequencies near 2 x 10-1



1z and arc lefi-hand polarized in the spacccraft frame. The peak-to-peak transverse amplitude is
AB/IBI -(). S with a significant compressional component, AIBI/IBI = ().2. One noteworthy
feature is that the largest wave amplitudes are often detected when the magnetic ficld magnitudes
isa aloca maximum. This can be noted in the bottom panel of the Figure. Examples can be

found at 1535, 1541, 1547, 602, 1604 and 1616 U'T.

Magnctosheath

a) Mirror Modcs

Large magnetic structures were detected in the outbound magnetosheath, but not the inbound
magnctoshcath (the cause for this difference will be explored later in the Discussion section). An
example of these outbound magnetic structures is given in Figure 5, in SH coordinates. The
mirror mode structures arc the fine scale oscillations inthe IBI pane]. ‘1 here are little or no
variations in the two angle plots. The data has been illustrated in spherical coordinates because
the above features (little or no angular variations) is one. characteristic of this particular mode

(Tsurutanict al., 1982). Baloghet a. (1 992) noted that this is perhaps the longest train of

"w aves'everobservedinthe history of space plasma observations.

These magnetic structures extend essentially throughout the entire Jovian magnctosheath. An
outer magnetosheath discontinuity is crossed al - 1710 Ul February 13, 1992, shown on the
right of the Figure, and severa magnctopause crossings arc on the left at -- 1357, 1 740 and -
1910 UT February 1 2., 1992 (Bame et a]., 1992a). It is noted that the mirror mode structures
have the smallest amplitudes near the bow shock and the largest amplitudes near the
magnetopause.  This would be expected if these structuresare generated by a convective
instability, where the instability startsncar the discontinuity and continues to develop as the

structure.s are transported towards the magnetopause. These magnetic field lines on the flank of



the magnctosheath arc simply a projection of the subsolar magnetosheath ficlds as they drape

around the magnetosphere (Tsurutanict al., 1982).

An example of the mirror mode structures given in high resolution (1s) is shownin Figure 6.
This hour interval from 2100102200 UT is relatively close to the magnetopause at 1910 UT,
shown in Figure 5. The peak-to-minimum field values vary from 3-to-1 to 4-Lo-1 and the
separations between the field minimum vary from 1-1/2 min near 2100 UT to ~ Imin near 2140

UT.

If onc assumes -1 keV magnetosheath protons, the scale size between the magnetic decreases is
10-20 proton gyroradii. This value is calculated by equating the scale to the measured
magnctoshcath convection velocity times time. Principal axis analyses have been perforimed on
tens of these structures. It is found that the angle between the minimum variance direction and B
consistentl y varies from 80° to 90", values which arc exceptionally high. 1 ‘rem our survey, this
dircction(k) was never found to be less than 80° relative to the ambient magnetic field. Wc

have only examined the most developed waves (Targest amplitude) to date, however.

b) Transverse Modes

Some discrete transverse wave modes were detected in the Jovian magncetosheath on the inbound
passage. The small amplitude wave train is shown in Figure 7. This isthe first time such waves
have been reported at Jupiter. The pe.ak-to-peak transverse amplitudes are - AB/IBI= ().15, with
little or no compressional AIB/IBI component. The wave period is -30- 50s in the spacecraft
frame. in a 5 nT' field, this corresponds to frequencies of 0.25 -0.45 Q,, (without the Doppler-

shift removed, however).



Analyses of the wave polarization have been made using the principal axis analysis technique
described previously. An example of a hodogram of onc wave which occurred from 1859:10 to
1859:51UT is shown in Figure 8. This wave is left-hand circularly polarized in the spacecraft
frame and is propagating, at an angle of 33° relative to RB o- The largeratio of Ap/A3=9 indicates

that the wave is plane polarized.

All of the wave cycles within the packet have been analyzed. It is found that the polarizations

arc highly variable. One wave cycle was found to be essentially linearly polarized (A1/A2 = 29)

propagating at an angle of 87° to B - Other wave cycles were right and left-hand polarized in
the spacecraft frame and were propagating at more mode.st ( 19° - 23") angles relative to B,. A

discussion of the significance of the.sc highly variable polarizations and k directions will be.

postponed until the. Discussion section.

Boundary 1 .ayer

A magnctopause boundary layer has been discovered at Jupiter, identified by unique thermal
plasma characteristics (see Bame et al., 1992a). Becausc of the highly fluctuating position of the
magnetopause duc to solar wind ram pressure variations, the magnctopause/ houndary layer was
crosscd several times on both the inbound and outbound portions of the trajectory. Wc have
studied all of the major boundary layer regions using power spectral analyses to determine if

cnhanced wave activity is present.

Figurc 9 illustrates onc of the. spectra takenat 2.135-2159 U'l', 1 ‘icbruary 2, 1992. This interval
occurred on the inbound passage. The coordinate system used is a field-alifwed system where By
is oriented along the average magnetic ficld direction. B, isBy crossed into the Sur~-Jupiter
dircction (normalized) and By completes the right-hand system. This system has been chosen to

illustrate. the compressional nature (or lack thereof) of the waves present. in the Figure, it is
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noted that By and IBI have nearly identical traces. Thisindicates that there was not much

variation in the magnctic field direction during the interval and By is a rcasonably accurate
representation of this value. Thus, By and B, can be regarded as transverse fluctuations present

within the boundary layer.

The proton cyclotron frequency £2p, isindicated in the Figurc. One can note an enhancement of
transverse wave power in the By and B, plots at frequencics slightly below €2p. This same
genera] feature was noted in all four boundary layer intervals studied. Thelocal peak in the
power spectrum at -2 X 1(1-2 Hz is-1 n1?%/11z. Multipl ying by a conservative bandwidth of 1()-1

Hz 9ives B2 =10-1n72,

Magnctosphere
Waves were sought within the magnetosphere. No obvious emissions were found in association
with the L shells of the Jovian satcllites, as they had been previously (Smith and Tsurutani,
1983). Theonly clear example of waves arc shown in Figurc 10, an example found in the

outbound passage when Ulysses was in the dusk sector.

These waves have relatively long periods, 5-8 minutes in duration. The amplitudes arc again

quite small. Peak-to-peak transverse amplitudes arc AB3/IBI= (). 1. One can no(c that the waves

arc almost purely transverse, with little or no compressional components.
Figure 11 illustrates onc cycle of the wave at 1445:51 -1457:10 U, illustrated in principal axis

coordinates. The wave is ncarly circularly polarized, propagating atanangle of 25° relative to

tie. The B1- B3 and By - B3 hodograms indicate that the wave is not plane polarized, however.
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All of the other wave cycles of the packet were analyzed. Itisfound that allarc left-hancl

elliptically to circularly polarize.d. Their angles of propagation vary from 0yp = 1 O" 1043°.

DISCUSSION

Forcshock Waves

a) f =102 Hz Waves

The presence of waves well upstream of the nose of the Jovian bow shock is a surprise, as the
interplanetary magnetic ficldat 5 AU should bc quite tightly wound up. ‘1'bus, one would
normally expect a quasiperpendicular shock at Jupiter’s subsolar point with little or no upstream
waves. in this case, the interplanctary magnetic field was dirccted along the Sun-Jupiter line, an
unusual orientation. The cause for this unusual directionality (and also the low solar wind ram
pressure rcflected by the large extent of the bow shock - Smith et al., 1992) is that Ulysscs
encountered the bow shock at a time when a trailing portion of a Corotating Interaction Region
(CIR - Smith and Wolfe, 1976), was just upstream of the shock. This IMF orientation alowed
the flow of energetic particles brick into the upstream solar wind and through plasma instabilitics,

the generation of thel |F waves.

The mix of wave polarizations, both right-hand and left-hand, were noted to be ordered by the
direction of the ambient magnetic ficld. The waves were ri[:ht-handed when the magnetic field
was more orthogonal to the solar winddirection. Forapure] y orthogonal magnetic ficld, there is
no Doppler shiftand the frequency and sense of rotation as mcasured by the spacecraft
magnctometer could be the same as in the plasma frame. ‘1’ bus, these particular waves arc most

probably right-hand magnetosonic waves with plasma frame frequencies closcto - 10-21 1z.

1



An important clue to the plasma frame polarizationof the left-hand polarized waves and their
direction of propagation is given by the example shown in Figures2 and 3. In this event, the
high frequency packet is found in the trailing portion of the longer period (10-2 Hz) waves. ‘I'his
is consistent with the lower frequency wave plus higher frequency packets propagating into the
upstream direction (in the plasma frame), but ducto the higher speed of the solar wind, the
waves arcconvected back across the, spacecraft by the solar wind. These waves would then be
right-hand polarized in the plasma frame. Thusall of the waves in Figure 2. arc consistent with

being right-hand polarized in the solarwind frame.

The same instability and nonlincar waves have been notedin tile Earth's foreshock and at comets,
(Gary, 1991; Tsurutani, 1992). This type, of ion resonant instability has been observed to
dominate | .F waves generated in the Earth's foreshock (Tsurutani and Rodrigucz, 1981; Hoppe et
al. 1981 ) andat comets(Tsurutani, 1991). Theion beams resonate withright-hand cyclotron
waves which arc propagating into the upstrecamdirection.  The ions overtake the waves,
anomalously sensing them as left-handed (the same sense of rotation as the ion gyration about

B,,), andcyclotronresonance takes place (Fhorne and Tsuratani, 1 98'/; Gary 1991).

Assuming this instability, the energy and specic of the responsible ion beams can be calculated.
We first consider protons as the responsible particles. ‘170 determine the energy 01 the resonant
ions, we must first determine the wave frequ ency inthe plasma (rest) frame. The solar wind had
a velocity and density of 500 kin sland7x 1 0-2cin-3 at the time of the Figure 2 waves,
respectively (Bame et al., 1992a). We assume V2V (tile wavess arc guite nonlincar, so this
may not be totally correct, but shouldbe accurate withina factor of 2). Using a simplifying
assumption that Kis along B3 o itcanbe determined that the wave frequency in the solar wind
is=2x 104 Hz. (If Oy >0, the rest frame frequency is higher and the particle resonant velocity

is lower). I ‘rem tile cyclotron resonance condition:

1?



Vi = Vph (1" Qi) (1)

it is determined that the parallel kinetic energy for resonant protons is - ‘/ keV. If the wave
phase velocity is higher, the resonant energy will be higher. 1t should be noted that the above
proton energy is given in the solar wind frame. Asstated previously, the solar wind velocity at
this time was 500 km S1. Such protons thus have velocities of ~ 650 kms-! relative to the
spacecraft. “I"his corresponds to a proton energy of 2.2 keV in the spacecraft frame. This isquite
consistent with these particles being (slightly energized) solar wind protons reflected off of the

Jovian bow shock or magnctosheath protons escaping into the upstream region.

We have also examined the possibility that the waves could be due to heavy ion beams, perhaps
particles that have diffused from the Jovian magnetosphere to the magnetosheath via scattering in
the boundary layer (tobe discussed later) and then into interplanctary space.  From equation (1)
the parallel velocities of such resonant ions can be easily caculated. It is found that the ion
velocities arc too low to flow into the upstream dire.ction without being convected downstream,
so the possibility of magnetospheric high 7 particle leakage as a source of these waves can be

ruled out.

Previous discussion of the Jovian foreshock 1.}' waves led to a great dea of discussion
concerning the responsible charged particles. Bothrelativistic electrons of Jovian origin (Siith
ct al., 1976; Goldstein ct d., 1985), Jovian protons (Smith ctal., 1983;1984; Goldstein ct. al.,
1983), and Jovian sulfur and oxygen ions (Goldstein ct a., 1986) have been proposed and
considered. The problem lies in the knowledge of the plasma frame wave polarization and
direction of propagation. Without these picces of information, the question cannot be easily
resolved. If the waves arc left-hand polarized in the plasma frame propagating into the upstrcam
direction, the.n the resonant particle beam arc only be electrons (assuming the particle source is

the bow shock or magnctosheath). If the waves are intrinsicall y vight-hand polarized propagating

13




in the upstream dire.ction, then the resonant par-ticks arc protons or heavier ions. For Ulysses, we
find for one. interval analyzcd, the upstream waves arc right-handed in the solar wind frame and
arc propagating into the upstream direction, allowing us to determine that ions (2.2 keV protons)

were. responsible for this particular event.

The wave polarization in thisinterval often varied from cycle.-to-cycle. This Change, presumably
in the Doppler shift conditons, was caused by variations in the direction of the ambicnt magnetic
field. When the wave ficlds arc comparable to the ambicnt ficld, as was the case here, the waves
themselves can cause these field directional fluctuations. ‘]’ bus, we emphasize that in situations
of thistype (existence of nonlinear waves), exceptional care must be taken to extract the 1 Yoppler
shifts. Waves must be examined from cycle-to-cycle, onc at a time. Multiple wave. ¢ycle

analyses may obviously give misleading and possibly incorrect results.

It should be noted that other foreshock intervals arc available in the Ulysses Jovian data sct for
analysis. Preliminary looks indicate. that both left-hand and right-hand polarized waves are
present as was the case here. Whether all of the.sc waves arc consistent with being right-handed
in the solar wind frame or not, has not been dctermine yet. Further detailed analyses arc necded

to answer this question. This will be the subject of afuture short report.

Wc note that the nonlinear cvolution of the waves arc quite similar to those at Comet Giacobini-
Zinner (Tsuratani, 1991). The magnetosonic waves steepen, form a trailing “linear” compressive
portion and arc sometimes led by a large. amplitude whistler packet. ‘The whistler wave

amplitude. decrcases lincarly with time (and distance).



f~2x 10:1 Hz Waves

We consider three potential resonant instabilities or the local generation of these foreshock
waves (found everywhere in the upstream region): 1) the wavesare left-ban(i polarized in the
plasma frame, and arc propagating in the solar wind direction; 2) the waves arc right-hand
polarized in the plasma frame, but arc propagating towards the sun (wc will consider ion beams
as the. source), 3) the waves arc right-handed in the plasma frame, propagating toward the sun

(we. will consider electron beam as the source).

Fach of these three possibilities can be ruled out with further consideration. For case 1), if we
assume the waves arc propagating parallel to Be, the Doppler shift can be removed. We find that
these waves would have plasma frame frequencies of fsw = 1.6 x 1011z, a frequency which is
above the local proton gyro frequency. Electromagnetic waves with this properly do not exist and
can be ruled out. For condition 2), we find that the waves would have a frequency of 1.8 x 10-2
Hz in the plasma frame. Any ion species resonant with the. waves will have parallel velocities far
too low to propag ate upstream against the solar wind. Thus, possibility 2) can be ruled out. For
scenario 3), the cncrgetic electrons wouldhave to be streaming towardthe Jovian bow shock.
The only source of such energetic electrons would be solar flare particles or clectrons gencrated
by aninterplanctary shock upstream of Jupiter. 1 lcctrons from cither source have not been

detected to date for this even t, however.

The three obvious sources of local wave generation by resonant interactions have. been ruled out.
Another potential source. is generation by a nonlinear steepening process. The 1021 1z low
frequency waves stecpen and forin the upstream whistler packets shown in the insertof Figure 2.
It is thought (Omidiand Winske, 1990) that these whistlers are simply dispersive waves
generated by the steepening process. ‘The eventual fate of such packets is presently  unknown.

These whistlers may detach and propagate into the interplanctary medium.  Simulations such as

15



those of Omidi and Winske (199(1) have indicated that such a scenario may occur. Because these
high frequency waves arc associated with regions where the magnetic field magnitudes arc the
largest, the observations are. consistent with thisidea. in this scenario, the waves arc whistler
mode emissions with frequencies of - 1.8 x 10°Hz propagating towards the sun. Thesc
emissions arc convected past the spacecraft by the solar wind and are detected as left-hand

polarized in the spacecraft frame.

Magnetosheath Structures and Waves

The condition for mirrormode instability is:

Bi/Bu>1+ 1/B] (2)

The mirror instability occurs when the pressure anisotropy, By /By, is either large or when B, /B
>1and B is high. This instability was originally discussed by Chandrasckar et al. (1958), then
by Hascgawa (1969, 1975), and more recently by Patel et al. (1983), Price (1986), Migliuolo
(1986),Lccet a. (1988), Price. (1989), Gary (1992), Garyet a. (1992) and Southwood and
Kivelson (1992.). From the above expression for instability, it can be noted that when 3 is high,
the instability can occur for relatively small anisotropics, such as in ashocked plasma, eg.,
within a planctary magnetosheath (T'surutaniet a., 1982, 1984; Thorne and T'suratani, 1981,
Croley et a., 1986),in a cometary magnetosheath (Smithet al., 1987; Yeroshenko, ¢l al., 1987;
Russell et al., 1987) or in the solar wind a stream-stream interaction regions (‘I'surntani ¢t al.,

1987b; 1992).

For planetary magnetosheaths, the necessary pressure anisotropics can be created when the solar
wind plasma is abruptly decelerated and preferentially heated (in “1°,yacross a perpendicular

shock. The anisotropy will be furtherenhanced as the plasma and magnetic ficlds drape around

16




the planctary magnetosphere as the magnetosheath plasma convects towards the dayside
magnctopause, as described by the Zwan-Wolf (1976) model. Thus, if the interplanctary
magnetic field is oriented orthogonally (or ncarly orthogonally), free energy for the mirror
instability is supplied all the way from the shock to the magnetosphere. A schematic of this is
illustrated in Figure 12. The figure shows sheath fields and post-shock plasma distribution
functions for interplanctary fields both perpendicular (a) and parallel (b) to the solar wind

velocity.

On the Ulysses inbound passage, the interplanctary magnetic field was directed toward the Sun
(radial) and the plasma hinting at the shock nose was that of a quasiparallel shock where the ions
were presumably hcated primarily in the ficld-aligned direction (shown in Figure 12b). This
anisotropy is not conducive to the. generation of mirror mode structures and none were detected.
Ten days later, as Ulysses was exiting the magnctosphere, the interplanctary magnetic field had
returned mits more typical tightly wound Parker spiral configuration(I.eppingetd., 1993)and a
quasiperpendicular shock would have formed near the nose of the bow shock. Because the
pressure anisotropy is initially formed at the shock and is enhanced as the plasma and field lines
convect towards (and drape around) the magnctosphere, one would expect the mirror structures
to continually grow as the magnetosheath plasmais convected from the shock to magnetopause.
The relationship between the field and plasma near the subsolar point 1o that at the flanks near
local dusk is illustrated by Figure 12a. Yor this interplanctary field configuration the mapping
from noon to dusk local times is quite simple. The results presented in this paper arc consistent

with the above scenario.

There has been quite a bit of controversy asto why mirror mode structures arc detected in the
planetary magnctosheaths when the lincar growth rate of ion cyclotron waves is theoretically
greater (Price ct a., 1986; Gary, 1992). The mostrecent work of Gary ctal. (1992), indicates

that for smallanisotropics, 2 > T |/TI> 1 in high f plasimas (3 >1) ,the mirror mode has the
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highest growth rate, but for low 8 plasmas, the ion cyclotron has the highest growth rate. ‘I'his

new result seems to explain the various observations.

In addition to mirror modestructures, transverse waves have previously been reported in
planetary magnctosheaths (Fairficld and Behannon, 1976; Hubert et a., 1989, Sckopke et al.,
1990; Brincact al., 1990; Gleaves and Southwood 1990; 1991). Most recentl y, waves have been
identified and studied in the plasma depletion layer (PD1.), arcgion of low 3 plasma adjacent to
the magnetopause. Song et al. (1990) find that the waves during their event arc cither right-hand
or lincarly polarized. The center frequency of the waves is about 0.5Q2; and the compressional
component is about 10% of the ambient ficld strength. Because the waves arc not left-hand
polarized, they argue that the waves arc not ion cyclotron waves and their generation may be
associated with the free, encrgy of the stronig gradients present in the region. On the other hand,
Andersonct al. (1991) have found waves in the same region of space using tile AMPTE/CCE
magnctometer data. These authors find two bands of waves with frequencics f <€2;,. ‘1'here is a
higher frequency band Qe t* < f <Qp and a band with f < Qpet*. The higher frequency band is
composed of transverse left-hand polarized waves while thosc waves with f < 7 * arc lincarly
polarized. These results coupled with an observed strong proton temperature anisotropy of T /1,
-1 :1.7in the PDI., led Anderson et @. to conclude that these emissions arc clectromagnetic ion
cyclotron wave.s and arc produced by the scenario proposed by Gary et a. (1992). Anderson et
ai. aso conclude that the waves observed by Song et @. ( 1990) exhibited linear polarization and
a single spectral peak centered near Q,/2 (82y1¢* ) and therefore "do not admit to the

interpretation of generation by the ion cyclotron instability”.

At Jupiter, in a region of the magnctosheath quite close to the magnetopause (which most
probably corresponds to aJovian 1)111)), wefind waves with frequenciesof - 0.2.5-0.45 Q,,
assuming B, - 5 n’]’. Thelrequencics arc only approximate, however. The ficld varies

throughout the interval, altering the local gyrofrequency. Also because the waves arc detected in
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the magnetosheath where there are convective motions, significant wave Daoppler shifts arc
possible. Thus a more carcful analysis is warranted at a later date. 1t is also possible that a
Qy1ett notch is present in our data, as was found in the Anderson et al. (1991) results. What we
find to be quite striking is that right-, left- and lincarly polarized waves arc all detected within a
single wave packet, If onc assumes al of the cycles of a wave packet arc generated by the same
instability, these results indicate that the Earth PDL. wave observations of Song et al. (1990) and
Anderson etal. (J991 ) may not bc as disconnected as one might first assume. Propagation across
the double ion (1, Het4in the magnetosheath) crossover frequency (3'home and Moses, 1983)
may cause wave polarization reversals giving right- as well as left- hand polarized waves. The
Anderson ctal. Qj1.** notch may be a double ion stop-band. Clearly, careful analysis is needed
in this area. 1 lowever, this is beyond the scope of the present analysis and will be postponed

until further more detailed work is possible.

Low Latitude Boundary Layer

Although broadband ELLE/VLIE and 1.I' waves have been detected in the Earth's low latitude
boundary layer (Gurnettet a., 1979; Perrautetal. 1979; Tsurutanicet al., 1981; 1982;1989;
Anderson ct a., 1982; Gendrin, 1983; LaBelle and Treumann, 1988; Thorne and Tsurutani,
1991), thisis the first time such enhanced noise has been discovered in a Jovian boundary layer.
Wc have. found that cnhanced electromagnetic waves exist at frequencies just below the proton
cyclotron frequency, afeature similar to that found by Gendrin (1983) in the Earth's low latitude
boundary layer. Since the U lysses magnetometer frequency range docsnot extend to the
ELF/VLE vaues, wc cannot commenton whether these emissions arc partof a broadband
speetrum as exists a Earthor not. ‘1'here is an excellent plasma wave cxperiment onboard
Ulysses (Stone et a., 1992) capable of thesemeasurements,and we arc presently collaborating

with rescarchers on this team to look into this possibility.
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The presence of waves at and ncar the Jovian magnetopause has important consequences for
particle. diffusion across this boundary. Resonant interactions with magnetosheath and/or
magnectospheric ions with either clectromagnetic and/or electrostatic waves can lead to
significant crwss-field diffusion. Magnctosheath protons can diffuse into the magnetosphere,
possibly forming the boundary layer, and magnetospheric ions can be diffused outward into the
magnctosheath, alowing eventual escape into interplanetary space. A formal expression for the
cross-field scattering rate have been derived in Tsurutani and Thorne (1982). in equation 3
below, wc give the expression for diffusion duc to resonant interactions with the magnetic

component of clectromagnetic Waves:

Dip=2 (BW/BO)? Dinax

where By, is the. wave amplitude and Pmax is the maximum, or Bohm diffusion rate. The latter is

given by:

Dpax = L1¢/2eBg = 5 x 103 EkeV)/Bo(n1) kmn? s7! @)

where I isthe. perpendicular kinetic energy of the particle in keV, and B, the ambient magnetic
field in n'T. At the Jovian boundary layer the ambicnt magnetic field is 5 n'l. Assuming a
magnctoshcath proton energy of 1 kcV, Dy axis105km?2 s1. The Bohm diffusion rate is one
order of magnitude higher than that of the Earth because the field is weaker by approximately a
factor of 10. Using the magnetic power of By,2= 10-] n1?2, taken from Figure 9, we get a value

of 103 km? s'forD p-

To get an estimate of the thickness of the Jovian boundary layer that could be generated by such

adiffusion process, we use alime scale. of the convection from the nose. of the. magnetopause o
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the flank. A sheath velocity of 100 kni s'and a distance of ~ 1 50 Rjare assumed. For 1keV

protons. the boundary layer thickness will be - 0.15R;.

The diffusion rate and boundary layer thickness will bec much larger if the ions of concern are
more cnergetic (scc equation 4 and discussion in Gendrin, 1983). For 100 keV protons, d =- 1.4
Rj.Itisalso possible that if substantial elcctrostatic waves arc present (as at Earth), cross field
diffusion can occur at an even more rapid rate (sec discussion in Tsurutani and Thorne, 1982 and

, Gendrin1983). Wc will have to await further analyses of the El.k and 1.} electric wave data to
sce if thismay be the case.

Magnctospheric Waves

Following the same arguments given for the upstream waves, we can calculate the resonant ion
encrgics using the local Alfvén velocity. Bame et al. (1992) give a density valuc of 3 x 10-2 cmn3
at the time of wave occurrence. Bois - & 1i°]". VAisthus1 x 103km s The most likely
resonant interaction is the loss cone instability in which magnctospheric ions and the gencrated

waves arc propagating in opposite directions to each other:

o+ kil vy = (5)

At [his time, we do not have the ability toidentify [he. ion species, but we will take Stas a

representative example. If we usc the given numbers, we find that 60 keV Stions will resonate

with the given waves.
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FIGURY CAPTIONS

Figurc 1. The Ulysses Trajectory in the Jupiter orbital plane. Adapted from Smith et al., 1992.

Figure 2. An example of foreshock 10-2 Hz waves detected on the inbound pass. The inset

shows a large amplitude high frequency (25s) whistler wave packet.

Figure 3. Hodograms of two parts of a stcepened magnetosonic wave at - 1705 UT. The
trailing portion of the wave (Icft-panel) is linearly polarized. The front part of the

wave (right-panel) is left-hand circularly polarized in the spacecraft frame.

Figure 4. An example of 2 x 10-11lz waves. These high frequency oscillations arc superposed

on top of the 10-* Hz waves and typically occur near local 1Bl maxima.

Figure 5. Examples of Jovian magnetosheath mirror mode structures.

Figurc 6. Mirror mode structures in high time resolution. The peak-to-minimum field values
vary from 3-to- 1t0 4-10-1. Oy varies from 80° to 90" and the spacings between

field magnitude decreases is - 10-20 1, assuming 1 keV magnetosheath protons.

Figurec 7. Small amplitude waves detected in the Jovian magnetosheath, close to the

magnctopause. The polarization of the.sc waves arc foundtobe highly variable.



Figure 8. A hodogram for a wave in Figure 7 from 1859:10 to 1859:51 UT. The wave is left-

hand circularly polarized in the spacecraft frame, propagating at 33° relative to fio.

Figure 9. Wave power spectra within the magnetopause boundary layer. The spectra arc for
the three components of the ficld and magnitude in a field-aligned coordinate

system .

Figure. 10.Magnctospheric waves with 5-8 min periods. The small amplitude waves arc
determined to be left-hand elliptically to circularly polarized propagating from 10°
t0 43° relative to By,.

Figure 11. A hodogram for the wave occurring between 1445:51 to 1457:10 UL Ogp is 25< for

this case. The wave is not plane polarized.
Figure 12. A schematic giving the orientation of magnctosheath fields and the. shock-generated

plasma anisotropics for interplanctary magnetic fields a) perpendicular and b)

parallel to the solar wind flow direction.
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